Background: KIF3A/B is less processive than kinesin-1, particularly under load. Results: In an engineered KIF3A dimer, intramolecular strain in the two-head-bound state does not alter nucleotide binding. In ADP, the motor dissociates slowly from microtubules. Conclusion: KIF3A lacks front head gating and maintains processivity through weak microtubule binding. Significance: During bidirectional transport, kinesin-2 is expected to detach more readily than kinesin-1.
The kinesin-2 motor KIF3A/B transports intraflagellar particles in cilia and flagella, pigment granules in melanosomes, and vesicles in neurons (1) (2) (3) (4) . Deficiencies in these transport processes are implicated in polycystic kidney disease and neurodegenerative diseases (4 -6) . Kinesin-2 motors work together with dynein to transport cargo bidirectionally along microtubules, and the mechanisms underlying the regulation of this bidirectional transport are hotly debated (7) . In some cases, kinesin-1 and kinesin-2 are found on the same cargo for reasons that are not entirely clear (8, 9) . Part of this lack of clarity has arisen because, although kinesin-1 has been the subject of extensive study, little is known regarding differences between the kinesin-1 and kinesin-2 chemomechanical cycles.
Due to similarities in sequence and motor characteristics, the stepping mechanism of kinesin-2 is thought to be qualitatively the same as kinesin-1. Kinesin-1 steps in a hand-over-hand manner (10 -13) at a rate of 100 steps/s (14) and can walk against hindering loads approaching 6 piconewtons (15, 16) . Kinesin-1 is highly processive, taking 100 or more steps before detaching (17) , which results from tight coordination between the hydrolysis cycles of the two heads. Compared with kinesin-1, kinesin-2 shows a similar stall force, a velocity roughly half of kinesin-1, and run lengths of roughly one-fourth of kinesin-1 (18, 19) , implying less head-head coordination.
The gating mechanisms underlying kinesin-1 processivity have been the subject of intense investigation, but they are not entirely resolved, and the degree to which these gating mechanisms extend to other kinesins is also not clear. The key to kinesin processivity is maintaining the hydrolysis cycles of the two heads out of phase, such that at least one head is bound to the microtubule at all times. The two prominent (nonexclusive) mechanisms to achieve this are front head gating and rear head gating (20 -25) . Front head gating holds that when both heads are bound to the microtubule, rearward tension on the front head inhibits ATP binding, such that the rear head detaches before ATP binding and stepping by the front head can occur (22, 24, 25) . In contrast, the rear head gating model holds that binding of the front head accelerates detachment of the trailing head from the microtubule, implying that processivity results primarily from the fact that dissociation from the one-headbound state is slower than the overall hydrolysis cycle (20, 21) .
The most direct evidence for front head gating in kinesin-1 is the finding that when the motor is locked in the two-headbound state by AMPPNP, 2 the on-rate for binding of mADP is 80-fold slower than in the unstrained one-head-bound state (24) . Further support comes from the finding that release from such a two-head-bound state requires a back-step before forward stepping resumes (22) . Strain-dependent nucleotide binding and phosphate release experiments also support the front head gating model in kinesin-1 (22, 23, 26) . Structurally, the inhibition of nucleotide binding could result from a mechanical deformation of the front head, or it could be a consequence of the specific conformation of the motor domain that results when the neck linker is physically prevented from docking.
We found previously that processivity differences between kinesin-1 and kinesin-2 could be entirely accounted for by differences in their neck linker lengths and that for motors in other kinesin families, shortening the neck linker to the 14-residue length in kinesin-1 also increases their processivity (18, 27) . This dependence on neck linker length was attributed to the change in interhead tension that results from extending the elastic element connecting the two motor domains. From stochastic simulations, neither front head gating nor rear head gating alone was sufficient to explain the processivity and velocity dependence on neck linker length, but results could be quantitatively accounted for by a model in which interhead tension modulates both front and rear head gating (18) .
The goal of the present work was to uncover the kinetic mechanisms underlying kinesin-2 processivity by investigating the biochemical kinetics of a homodimeric KIF3A motor that was shown previously to have velocity, run length, and load-dependent properties similar to those of full-length KIF3A/B (18, 28, 29) . To test for the presence of rear head gating, the dissociation rate of KIF3A from microtubules in the low affinity ADP state was measured and compared with the normal motor stepping rate. In ADP, KIF3A dimer dissociates from microtubules at a rate 20-fold slower than the motor stepping rate in saturating ATP, meaning that during stepping, detachment of the rear head is accelerated ("gated") by the activity of the leading head. To test for front head gating, the motor was locked in a twohead-bound state, and the rate of nucleotide binding to the strained front head was measured. Front head nucleotide exchange was identical to unstrained rates, meaning that nucleotide binding ("gating") of the front head is not altered by the activity of the trailing head. Thus, the processivity of KIF3A results from a rear head gating mechanism in which the motor dissociates slowly from the microtubule, and fast stepping is achieved by strain-dependent detachment of the trailing head.
EXPERIMENTAL PROCEDURES
Protein Constructs, Purification, and Quantification-All KIF3A constructs consist of the head and neck linker domain of Mus musculus KIF3A, fused to the coiled-coil of Drosophila KHC. Details of the GFP-labeled constructs as well as their bacterial expression and nickel column purification were described previously (18) . KIF3A 17 and KIF3A 14 refer to equivalent constructs truncated at amino acid 406 of the Drosophila kinesin-1 coiled-coil and fused to a C-terminal His 6 tag. BL21(DE3) strains containing 406-amino acid length constructs were started in a 1-liter LB broth flask overnight, and this seed flask was used to inoculate 20 liters of Terrific Broth plus 100 g/ml ampicillin in a Micros 30 L or Mobile Pilot Plant 80 L fermentor housed at the Pennsylvania State University Huck Life Sciences Institute Shared Fermentation Facility. After growing to 5-7 OD, expression was induced by the addition of 1 mM isopropyl 1-thio-␤-D-galactopyranoside. After overnight expression at 18°C, bacteria were pelleted using a Sharples T-1-P or AS-16 centrifugation system. Bacterial paste was frozen at Ϫ80°C for later use. Following nickel column purification, motors were exchanged into 25A200 buffer (25 mM K-ACES, pH 6.9, 2 mM magnesium acetate, 2 mM K-EGTA, 0.1 mM K 2 -EDTA, 1 mM ␤-mercaptoethanol, 200 mM KCl) containing either 10 M ATP or 0.5 M mADP using an AKTA FPLC system with GE HiTrap desalting column. For storage, 10% (w/v) sucrose was added to all motor solutions, samples were frozen on liquid N 2 and stored at Ϫ80°C. Final motor dilutions were 1:100 or greater, and the small contribution of KCl in final buffer (2 mM or less) was ignored. A subset of the motors was exchanged into mADP by incubating motors in elution buffer (which contains 10 M ADP) with 100 M mADP and then exchanging into 25A200 plus 0.5 M mADP. The concentration of active motors was measured by adding 1 mM ADP to a motor sample to chase off bound mADP, measuring the total mADP concentration (356-nm excitation/450-nm emission) in a Shimadzu 3000 spectrofluorometer, and subtracting the contribution of the 0.5 M free mADP in the buffer. Stock motor concentrations were in the range of 1-30 M dimer. Unless otherwise specified, for stopped-flow experiments using mADP-bound motors, motors were diluted without adding additional mADP. GFP-labeled motors were quantified by GFP absorption at 488 nm using ⑀ 488 ϭ 55,000 M Ϫ1 cm Ϫ1 . All experiments were carried out in BRB80 buffer (80 mM PIPES, 1 mM EGTA, 1 mM MgCl 2 , pH 6.8) to allow for direct comparison of rates.
ATPase Assays-ATPase was quantified by an enzyme-coupled assay following a protocol modified from Huang and Hackney (30) . BRB80 buffer was supplemented with 1 mM MgATP, 2 mM phosphoenolpyruvate, 1 mM MgCl 2 , 0.2 mg/ml casein, 10 M Taxol, 0.25 mM NADH, and [1.5/100] volume of PK/LDH (Sigma P-0294). Motor concentrations between 10 and 50 nM were used, and absorbance at 340 nm was recorded on an Agilent 9453A UV-visible spectrophotometer. Rates were estimated by linear fit to regions of steady-state absorbance decrease.
Microtubule Pelleting Assays-Pelleting assays were carried out in BRB80 supplemented with 1 mM MgCl 2 , 10 M Taxol, 1 mg/ml casein, and 1 mg/ml BSA plus added nucleotide. Mt and GFP-labeled motors were incubated for 10 min with 1 mM MgADP or 2 mM MgATP, whereas the control group was incubated in 1 mM MgAMPPNP. Samples were then centrifuged for 10 min in a Beckman-Coulter Airfuge A-100/18 rotor to pellet microtubules with bound motors. For the ATP experiments, incubation was kept to a maximum of 5 min to minimize ATP depletion, and an ATP regeneration system consisting of 1 g/ml creatine phosphokinase and 2 mM phosphocreatine was added. GFP fluorescence (488-nm excitation/512-nm emission) was used to quantify motor concentrations in the prespin and supernatants, and the fraction of pelleted motors was calculated. Pelleting data are presented relative to the amount pelleted in AMPPNP.
mADP-ADP Competition Assays-mADP-ADP competition and nucleotide release assays were carried out by spectrofluo-rometer (356-nm excitation/450-nm emission). For competition assays, 0.4 M motors were incubated with 2 M Mt and 2 M mADP and titrated against varying concentrations of unlabeled ADP. The IC 50 , defined as the [ADP] where the fluorescence signal drops to 50%, was fit using Morrison's quadratic equation (31) ,
where F I and F 0 are fluorescence in the presence and absence, respectively, of added ADP, and [K] is the total motor concentration. From the IC 50 , the relationship between the equilibrium binding constants for mADP and ADP was obtained using the Cheng-Prusoff equation (32) ,
which for [mADP] Ͼ Ͼ K D mADP simplifies to the following.
Single-molecule Fluorescence-Single-molecule imaging of GFP-labeled motors was carried out using a TIRF microscope at room temperature, as described previously (18) . Microtubules were polymerized using a 1:20 ratio of Cy5-labeled (GE Healthcare) and unlabeled tubulin and were surface-immobilized by a monoclonal anti-␤-tubulin antibody (Sigma T7816), followed by blocking with 0.5 mg/ml casein ϩ 1 mg/ml BSA. Binding events were scored manually, and dwell time and run length histograms were fit by single exponential distributions. Motor off-rates in ADP were fit using the following scheme.
The mean residence time on the microtubule was calculated based on the mean residence time in the apo-and ADP-states (33) , respectively,
and the transition probabilities between states,
The mean dwell time on the microtubule, T, is as follows,
The observed off-rate, k obs , is equal to the reciprocal of the mean dwell time,
where
Steady-state Motility Assays-Gliding assays were carried out as described previously (34) . Motors were attached to the surface through a monoclonal anti-His antibody (Invitrogen, catalog no. 1046237), and velocities were quantified with the MtrackJ plug-in in ImageJ (National Institutes of Health).
Stopped-flow Setup-All stopped-flow experiments were carried out on an Applied Physics SX20 spectrofluorometer using 356-nm excitation with an HQ480SP emission filter. All assays were carried out in BRB80 buffer supplemented with 1 mM MgCl 2 and 5 M Taxol.
k on Mt Experiment-Motors were first incubated with 0.5 M mADP to exchange the ADP in the head domain. 0.1 M motors were mixed against varying concentration of Mt with 1 mM ADP. The data were fit to a biexponential, and the fast phase was fit to the following equation to obtain the maximal mADP off-rate and apparent Mt affinity.
Half-site Experiment-Motors were combined with microtubules to generate a species with one head bound and mADP in the tethered head. This complex was then flushed against a solution containing ATP or AMPPNP, the data were fit by a biexponential, and the faster rates were fit to the following equation to obtain the maximum half-site release rate and apparent nucleotide binding affinity.
Unstrained and Strained Nucleotide Exchange Kinetics-0.1-0.2 M motors were combined with 20-fold Mt to generate a species with one head bound and mADP in the tethered head. To generate a two-head-bound species, an additional 200 M AMPPNP was added. These complexes were flushed against varying mant-nucleotide concentrations (mAxP), the data were fit by a biexponential, and the faster rates were fit by linear regression to obtain the nucleotide on-and off-rates.
(Eq. 14)
Front and Rear Head Gating in Kinesin-2
Model for Sequential Release-The sequential release experiment in Fig. 4d was modeled using the following scheme.
In the first step, microtubule binding triggers release of one mADP, and in the second step, ATP binding triggers stepping and release of the second mADP. The observed rates for the two mADP release steps are as follows.
When the rates of the first and second steps are similar, the observed rate for the total signal drop, k obs , can be approximated as follows.
These modeled rates are compared with the experimental rates in Fig. 4d . To estimate errors, the equation was linearized by Taylor series expansion,
where k obs is the mean rate, and higher order terms are ignored. The slope for the first-order approximation can be calculated as follows.
Thus, the S.E. of k obs is the following,
where se 1 and se 2 are the experimental S.E. of k 1 and k 2 , respectively.
Ensemble Kinetics Simulations-Following determination of the rate constants in Table 2 , stopped-flow experiments were simulated by ensemble kinetics simulations, as follows. Free nucleotide concentrations in solution were assumed to be constant, and bimolecular rate constants for nucleotide binding were converted to first order rates by multiplying by the relevant free nucleotide concentrations. For a model with n states (where n ϭ 8 in Fig. 1 ), an n-by-n rate matrix, R, was defined, where each element R ij corresponds to the rate constant from state i to j (in s Ϫ1 ). A one-dimensional concentration matrix, c, was defined and populated with initial concentrations of every state, c 0 . The scalar form of the governing equation for any state i is as follows, (Eq. 22) and the vector form is as follows.
We simulated this governing equation using the ode45 function in MATLAB to produce the concentration matrix C m ϫ n , corresponding to n states at m time points. Each state is assigned a weight, w n ϫ 1 , based on the number of bound mant-nucleotides (0, 1, or 2), and the final observed signal, s m ϫ1 , is the sum of the signal contributions from each state.
To simulate different stopped-flow experiments, different matrices were defined based on specific experimental parameters, and simulated fluorescence traces were obtained for each.
Traces were fit by single-or biexponential functions in Origin version 9.1 and compared with the experimental data ( Fig. 9 , d-j). MATLAB code can be found in the supplemental material as EnsembleKineticsSimulation.m. Single-molecule Simulations-Single-molecule simulations in Fig. 9 , a-c, were carried out using the rate matrix R, defined above, using an approach used previously (18, 28) but executed in a different manner. The mean dwell time in every state, i, is as follows,
where R ij are the rate constants out of state i. The dwell time matrix is defined as follows.
Because all rate constants are first order, the dwell time in a given state i follows an exponential distribution with mean dwell time t i . The distributions of dwell times for every state were obtained using the Gillespie algorithm (28, 35) . When transitioning out of state i, the probability of transitioning to any state j is as follows.
The transition rates and dwell times were used to define the transition probability matrix.
The probability of transitioning from state i to any state j is determined by the ith row of the transition probability matrix, where the sum of every row equals 1. The new state, j, was chosen by selecting a random number from a uniform distribution from 0 to 1 and choosing the transition based on the relative probabilities, P ij . Simulations recorded the run duration, run length, and dis-tribution of step times for each of 1000 motors. Motor velocity was calculated by dividing the run length by the run duration, and the randomness parameter was estimated from the distribution of step durations (33, 36) . MATLAB code can be found in the supplemental material as SingleMoleculeSimulation.m. Gliding Assay Simulations-Steady-state gliding velocities were simulated by calculating the expected time for a motor to complete one entire hydrolysis cycle, following the approach of Moffitt et al. (33) . State 6 was assigned as the starting point because it does not have a bifurcation. To avoid a singularity of our final solution, we created a phantom state 6Ј as the destination, resulting in a new rate matrix, R, having an extra dimension. The transitions into state 6 were replaced by transitions into state 6Ј, and the transition rates into state 6 and out of state 6Ј were set to zero. To model the high local [Mt] for motors in the gliding assay, [Mt] was set to 1000 M.
As with the single-molecule simulations, a dwell time matrix, t n ϫ 1 , was defined, with each element (other than the terminal state 6Ј) calculated as follows.
Next, starting from the state transition probability matrix, a new matrix, M n ϫ n was created by omitting state 6Ј.
Finally, a new matrix, T, was created that defines the mean time from each state, i, to the terminal state 6Ј,
whose solution is as follows.
The stepping velocity, calculated as the reciprocal of the run time starting at state 6,
was compared with the experimental gliding velocities in Fig. 9 , k and l. MATLAB code can be found in the supplemental material as GlidingAssaySimulation.m. Data Analysis-Curve fitting was carried out using nonlinear regression in Origin version 9.1 software. For fits, data points were weighted by the inverse of their S.E.
RESULTS

Conceptual Hydrolysis
Model of KIF3A-To reveal differences between the hydrolysis cycle of kinesin-2 and kinesin-1, we used a KIF3 homodimeric construct (KIF3A/A) containing the head and neck linker of M. musculus KIF3A linked to the coiled-coil of Drosophila kinesin-1. Its velocity, run length, and load-dependent properties have been shown to match those of full-length KIF3A/B (18, 28, 29) . Here, KHC denotes conventional kinesin, which has a 14-residue neck linker domain. KIF3A 17 denotes the KIF3A/A homodimer having the wildtype 17-residue neck linker domain, and KIF3A 14 denotes the same motor with a Pro-Ala swap and deletion of the last three residues in the neck linker to match that of KHC (18) .
As a starting point for analysis of the KIF3A hydrolysis cycle, we started from a hydrolysis cycle developed for kinesin-1 ( Fig. 1) (18, 28) . The cycle begins with motors in solution having an ADP bound to each head (state 1) (37 . If nucleotide binding to the front head is gated, then the rear head detaches to complete the cycle (state 3). If front head gating is not present, then ATP can bind before the trailing head detaches (state 8), which could potentially lead to hydrolysis and premature unbinding (not shown). Front head gating is defined as k on,FH ATP Ͻ k on ATP , and rear head gating is defined as k detach Ͼ k unbind . Note that detachment from state 5 may involve P i release followed by detachment from the ADP state. See "Results" for further details, and see Table 2 for KIF3A rate constants.
followed by microtubule binding (state 6) and ADP release by the tethered head (state 7) (12, 42) . In this scheme, processivity is determined by the race between binding of the tethered head to the next binding site (state 5 to 6) and dissociation of the bound head from the microtubule (state 5 to 1). From state 7, intramolecular strain in the two-head-bound conformation accelerates rear head detachment (state 3), completing the hydrolysis cycle and resulting in one 8-nm step. Front head gating is incorporated into this scheme by postulating that ATP binding to the leading head in state 7 is inhibited due to rearward strain, preventing premature hydrolysis and detachment (24) . Rear head gating is incorporated by the fact that dissociation from the one-head-bound state 5 is slower than detachment of the trailing head in the two-head-bound state 7 (20) . To understand the KIF3A hydrolysis cycle, experiments were designed to measure each parameter in Fig. 1 .
In the ADP State, KIF3A Binds Microtubules More Strongly than Kinesin-1-To unravel the hydrolysis cycle, we first measured the steady-state ATPase of KIF3A and kinesin-1 (Fig. 2a) . The motors had similar K 0.5
Mt (KIF3A-GFP:
, indicating similar microtubule affinities when the motors were actively stepping along microtubules and hydrolyzing ATP. This similarity in K 0. 5 Mt for ATPase is consistent with previous single-molecule motility experiments that found that kinesin-2 and kinesin-1 had similar dwell times on the microtubule in saturating ATP (18) .
Next, microtubule pelleting assays were carried out to compare microtubule affinities of the motors in different nucleotide states. The dissociation rate from the ADP-P i state (state 5 in Fig. 1 ) is of particular interest for understanding processivity, but due to the difficulty in reversing P i release by adding free P i to solution (43), we used the ADP state (state 2 in Fig. 1 ) as a proxy for the ADP-P i state. In monomeric rat kinesin-1, the microtubule affinity in the ADP state was found to be elevated in the presence of added P i (44) , but subsequent work suggested that the effect may be caused by inhibition of ADP binding by P i (43) ; there is no evidence that the ADP-P i state has a lower affinity than the ADP state.
Surprisingly, in the ADP state, KIF3A had a nearly 20-fold higher Mt affinity than KHC (K D Mt of 0.45 Ϯ 0.07 M Mt for KIF3A-GFP and 11 Ϯ 0.3 M Mt for KHC-GFP; Fig. 2b ). To rule out the possibility that this high affinity for KIF3A resulted from both heads binding to the microtubule in ADP due to its longer neck linker domain, the experiment was repeated with KIF3A 12 , which was previously shown to be a non-processive motor due to its shortened neck linker (27) .
K D
Mt for KIF3A 12 was 0.61 Ϯ 0.07 M Mt (data not shown), indicating that this affinity was a property of the motor domains alone.
This high microtubule affinity of KIF3A 17 in ADP contrasts with previous single-molecule run length measurements that found that KIF3A 17 is 4-fold less processive than KHC (18) . There are two possible resolutions to this paradox: (i) KIF3A detaches in a different nucleotide state than kinesin-1, or (ii) KIF3A spends a larger fraction of its hydrolysis cycle in the weak binding state. To test the first hypothesis, we carried out Mt pelleting assays in different nucleotides. In both AMPPNP, which mimics the ATP-bound state, and the absence of nucleotide, KIF3A bound tightly to microtubules (Fig. 2c) , consistent with previous results from kinesin-1. In ATP, the K D Mt was 0.62 Ϯ 0.08 M Mt, confirming the ATPase results (Fig. 2d) . Thus, we conclude that during its normal hydrolysis cycle, KIF3A does not detach from these high affinity states (states 3, 4, 6, and 7 in Fig. 1 ). The finding that the K D Mt for Mt in ADP matches both the K 0. 5 Mt and K D Mt in ATP implies that KIF3A spends a large fraction of its hydrolysis cycle in a weak binding state (state 5 in Fig. 1 ).
To better understand the high Mt affinity of KIF3A in the ADP state, we directly measured the microtubule binding and unbinding rates using stopped-flow and single-molecule fluorescence experiments, respectively. At low microtubule concentrations, release of mADP from the motor is limited by microtubule binding. Thus, to measure the on-rate for microtubule binding, motors loaded with mADP were flushed against varying concentrations of microtubules, and the bimolecular on-rate was obtained by fitting the slope (Fig. 2e ). The linear relationship demonstrates the pseudo-first-order [Mt] binding step, with k bind ϭ 3.
To measure the microtubule unbinding rate, single-molecule TIRF experiments were used to measure the distribution of dwell times of KIF3A-GFP motors binding to surface-immobilized microtubules in varying concentrations of ADP (Fig. 2f) . At saturating ADP, the motor unbinding rate was k unbind ϭ 2.1 Ϯ 0. Fig. 9l ) sets a lower limit for rear head detachment rate during stepping. The 2.1 s Ϫ1 unstrained motor unbinding rate in ADP ( Fig.  2f ) is 20-fold slower than this. Thus, rear head gating (detachment of the rear head is accelerated by binding of the leading head in the two-head-bound state) is present in the KIF3A hydrolysis cycle. The next series of experiments were designed to assess front head gating, starting with characterization of mant-nucleotides as substrates for dimeric KIF3A and progressing to measurements of nucleotide exchange kinetics under different conditions.
Mant-nucleotides Are Competent Substrates for KIF3A and Bind More Tightly than Unlabeled Nucleotide-mATP has been shown to be a suitable analog of ATP for a number of kinesins and is widely employed in stopped-flow studies due to its fluorescence enhancement upon motor binding (38, 39, 45, 46) . However, other enzymes, including myosin, have been shown to have higher affinity for mant-nucleotides than unlabeled nucleotides, which has been attributed to stabilizing hydrophobic interactions between the mant-moiety and residues in the nucleotide binding pocket (47) (48) (49) (50) . To compare the affinity of KIF3A for mADP versus unlabeled ADP, we carried out mADP-ADP competition assays to quantify the ratio of equilibrium constants K D mADP /K D ADP (Fig. 3a) . The IC 50 was obtained by titrating ADP against KIF3A incubated in mADP and measuring the change in fluorescence due to mADP unbinding. The IC 50 , which is interpreted as the mADP dissociation rate. The faster component with a rate of 0.011 Ϯ 0.0002 s Ϫ1 and relative amplitude of ϳ0.25 was attributed to mant-isomerization, which was characterized previously to be 0.01-0.04 s Ϫ1 (46) . Inset, unlabeled ADP off-rate, determined by flushing 0.5 M KIF3A 17 plus 0.5 M ADP against 10 M mADP and monitoring the fluorescence increase due to mADP binding (rate limited by ADP dissociation). Fitting a single exponential gave a rate constant 0.028 Ϯ 0.000048 s Ϫ1 for ADP dissociation (n ϭ 5). c, gliding assays (total 374 events) of KIF3A 17 17 Front and Rear Head Gating in Kinesin-2 APRIL 17, 2015 • VOLUME 290 • NUMBER 16 the presence of 2 M mADP, suggesting a 13-fold difference in nucleotide affinities (see "Experimental Procedures"). Next, we measured the kinetics of ADP dissociation from KIF3A in the absence of microtubules. The mADP off-rate, obtained by adding a saturating concentration of unlabeled ADP to a solution of motors incubated in mADP and monitoring the fall in fluorescence, was 0.0019 Ϯ 0.000015 s Ϫ1 (Fig. 3b) . A second process with a faster rate constant (ϳ0.011 s Ϫ1 ) and smaller amplitude (ϳ20% of the total signal drop) was attributed to mant-isomerization, which has been characterized as ϳ0.01 s Ϫ1 in previous studies (46) . In contrast, the off-rate of unlabeled ADP, obtained by adding mADP to motors incubated in unlabeled ADP, was 0.028 Ϯ 0.000048 s Ϫ1 (Fig. 3b, inset) . The 15-fold difference in off-rates suggests that the mant-moiety contributes stabilizing interactions between the nucleotide and the nucleotide-binding pocket. For KHC, solution off-rates were 0.033 and 0.022 s Ϫ1 for ADP and mADP, respectively (data not shown), confirming that the slow mADP off-rate for KIF3A was not the result of contaminants in the mADP stock. The agreement between the ratio of off-rates and the ratio of equilibrium constants for KIF3A suggests that on-rates for unlabeled ADP and mADP binding to KIF3A are similar.
To confirm that mATP is a competent substrate for KIF3A, microtubule gliding assays were carried out for KIF3A 17 -GFP and KIF3A 14 -GFP at varying concentrations of mATP (Fig. 3, c  and d) . Fitting the velocity data gave an overall stepping rate k step mADP of 17.0 Ϯ 0.8 s Ϫ1 for KIF3A 17 , which is 3-fold slower than the 47 Ϯ 5 s Ϫ1 measured in unlabeled ATP (Fig. 9l ). This slowed speed in mATP is consistent with the high mADP affinity measured above and suggests that when mATP is the substrate, mADP release is the rate-limiting step in the hydrolysis cycle. The low K m mADP of 2.3 Ϯ 0.3 M for KIF3A 17 is also consistent with this high mADP affinity. The gliding speed of KIF3A 14 was slightly slower than KIF3A 17 (Fig. 3d) , consistent with previous single-molecule velocities (18) . To confirm processivity, run lengths were measured using a single-molecule TIRF assay at 100 M mATP (Fig. 3c, inset) . The mean run length was 300 Ϯ 20 nm, and the mean dwell time (not shown) was 1.7 Ϯ 0.3 s, confirming that motor processivity is retained in mATP.
To test the hypothesis that the slower gliding speeds in mATP resulted from mADP release being rate-limiting, we carried out half-site release experiments to measure the mADP release rate during KIF3A stepping, as follows. Motors incubated in mADP were combined with microtubules to generate a one-head-bound state (state 3 in Fig. 1 ). These complexes were mixed against varying concentrations of ATP in a stopped-flow spectrometer, and the fall in fluorescence due to mADP release was monitored (Fig. 3, e and f) . At low [ATP], the rate is expected to be proportional to the nucleotide concentration, whereas at saturating ATP, the rate will be limited by mADP release. The maximal release rate, k max ATP/HS was 21 Ϯ 0.7 and 20 Ϯ 0.2 s Ϫ1 for KIF3A 17 and KIF3A 14 , respectively, and the ATP concentrations for half-maximal rate k 0.5 ATP/HS were 5 Ϯ 0.3 and 8 Ϯ 0.2 M ATP for KIF3A 17 and KIF3A 14 , respectively. The agreement between the mADP release rate and the stepping rate from gliding assays indicates that mADP release is the rate-limiting step. It should be noted that the off-rate of unlabeled ADP was 15-fold faster than mADP (Fig. 3b) , whereas the stepping rate in unlabeled ATP was 3-fold faster than in mATP (Figs. 3c and 9 ), indicating that under normal ATP conditions, ADP release is not the rate-limiting step for KIF3A.
mADP Exchange Rates in Unstrained KIF3A Determined by Four Different Assays-The next task toward characterizing the KIF3A hydrolysis cycle was to measure the nucleotide exchange rate of the motor in both the one-head-bound unstrained state (state 3 in Fig. 1 ) and the two-head-bound strained state (state 7 in Fig. 1 ). The key prediction from the front head gating model is that in the two-head-bound state, nucleotide exchange in the front head will be slowed due to intramolecular strain. The unstrained exchange rate was measured in four ways, which provides confirmation of the rates by independent methods and enables the estimation of other rate constants in the hydrolysis cycle.
In the first approach, termed k on Mt (Fig. 4a) , mADP-loaded motors were flushed against varying concentrations of microtubules in the presence of saturating ADP. Binding to the microtubule triggers mADP release, resulting in a fluorescence drop, and the excess ADP prevents any rebinding of mADP. The hyperbolic plot in Fig. 4a shows the transition of the ratedetermining step from microtubule binding at low [Mt] to mADP release at saturating [Mt] . The plateau value indicates that the strain-free mADP release rate is 26 Ϯ 2.3 s Ϫ1 , which is close to the 21 s Ϫ1 mADP release rate from the half-site experiments in Fig. 3c . The second approach was a nucleotide exchange assay, as follows. Motors in unlabeled ADP were incubated with microtubules and flushed against varying [mADP], resulting in a rise in fluorescence due to reversible mADP binding to the microtubule-bound head. The fitted firstorder rate constants, which represent the sum of the forward and reverse mADP binding rates, were analyzed by linear regression (Fig. 4b) The third experiment was to use a single-molecule TIRF assay to measure the mADP dependence of the KIF3A 17 -GFP microtubule dissociation rate. Dissociation is expected to be very slow in the absence of nucleotide and rise to an observable rate at saturating mADP concentrations, with the mADP affinity of the microtubule-bound motor determining where the transition occurs. Dwell time histograms were fit by exponential distributions to obtain microtubule unbinding rates (Fig. 4c,  inset) , and the off-rates as a function of mADP concentration were fit by a hyperbola, giving a maximal off-rate k unbind ϭ 1.44 Ϯ 0.09 s Ϫ1 and an apparent K D mADP ϭ 1.8 Ϯ 0.2 M mADP. The fourth and final method to measure the unstrained mADP exchange rate was a sequential release experiment, in which mADP-loaded motors were flushed against varying concentrations of microtubules in the presence of ATP. In this configuration, the first mADP release is determined by microtubule binding, whereas the second mADP release is determined by the subsequent binding of ATP and stepping of the motor (Fig. 4d) . Thus, the experiment consists of a k on Mt experiment (Fig. 4a) followed by a half-site experiment (Fig. 3e) and serves as a check of consistency. At sufficiently high ATP con-centrations, where ATP binding and stepping is considerably faster than the initial microtubule-binding step, the transient could be fit by a single exponential. A kinetic model of the sequential release process was formulated using rate constants determined from the previous k on Mt and half-site experiments (see "Experimental Procedures"). Results from the analytical solution agreed very well with the experiments (Fig. 4d) , providing a redundant confirmation of these parameters and supporting the contention that the two mADP are released sequentially following microtubule binding.
mADP Exchange Rates in KIF3A 17 Are Not Modulated by Intramolecular Strain-To investigate the influence of intramolecular strain on nucleotide binding, we used the non-hydrolyzable ATP analog, AMPPNP, to trap the motors in the two-head-bound state (mimicking state 7 in Fig. 1 ) and flushed this complex against varying concentrations of mADP. This experiment, which interrogates rates of mADP binding to the leading head, was used previously to convincingly argue that front head gating plays a role in kinesin-1 processivity (24), and it is the most direct test of the front head gating hypothesis. The first control experiment was to confirm that AMPPNP locks KIF3A in a two-head-bound state. Motors with bound mADP were flushed against microtubules in the presence and absence of AMPPNP (Fig. 5a ). The amplitude in the presence of AMP-PNP was approximately double that of microtubules alone, consistent with microtubule binding triggering release of one mADP and the subsequent binding of AMPPNP triggering stepping and release of the second mADP. Next, a half-site release experiment was carried out similar to the experiment in Fig. 3e . A solution of motors, microtubules, and mADP was 
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flushed against varying concentrations of AMPPNP. As seen previously for kinesin-1 (51, 52), AMPPNP binding resulted in a fluorescence fall, consistent with nucleotide binding causing neck linker docking followed by microtubule binding and mADP release by the tethered head (Fig. 5b) . The extrapolated maximal mADP release rate was k max AMPPNP/HS ϭ 5.9 Ϯ 0.5 s Ϫ1 , which is considerably slower than the equivalent rate of 21 Ϯ 0.7 with ATP (Fig. 3c) . As explained further under "Discussion," this slow rate supports a model for the hydrolysis cycle in which ATP hydrolysis normally precedes binding of the tethered head to the next binding site (i.e. state 5 in Fig. 1 shown in Fig. 1 for clarity) . The nucleotide concentration required for half-maximal release (K 0.5 AMPPNP/HS ϭ 340 Ϯ 58 M AMPPNP) was considerably higher than the equivalent value in ATP (K 0.5 ATP/HS ϭ 5 M; Fig. 3e ), consistent with the motor having a low affinity for AMPPNP. This discrepancy was also observed for kinesin-1 (52), and the low affinity was supported by control experiments that measured the affinity of KIF3A for AMPPNP in solution to be nearly 2 orders of magnitude lower than the affinity for ADP (data not shown). This AMPPNP halfsite experiment supports a model in which AMPPNP binding to the bound head results in tethered head binding to the microtubule and releasing its nucleotide, resulting in a two-headbound state with an empty front head.
After confirming that AMPPNP binding causes KIF3A to transition into a two-head-bound state, we examined the rate at which the motor exits from this AMPPNP-trapped state using a delayed startup experiment as carried out previously for kinesin-1 (53). The delayed startup experiment utilizes the microtubule gliding assay with the following three steps: (i) microtubules are introduced in the presence of ATP, resulting in microtubules landing and gliding over the motor-coated surface; (ii) AMPPNP is introduced, which results in an arrest of gliding and microtubules binding strongly to the surface; and (iii) AMPPNP is washed out, ATP is washed into the flow cell, and the resumption of microtubule gliding is monitored. Results in Fig. 5c show that, following the removal of AMPPNP and the addition of ATP, microtubule gliding is delayed for more than 200 s, consistent with motors remaining trapped in the two-head-bound state with AMPPNP in the rear head. This result is consistent with that seen previously with kinesin-1 (53) and demonstrates the robustness of the trapped two-headbound state. If the front head were to release from the microtubule, then, based on the high K 0.5 AMPPNP/HS of the AMPPNP half-site experiment in Fig. 5b , the AMPPNP would be expected to readily dissociate.
To confirm that AMPPNP remains trapped in this two-headbound state, we carried out a rear head mAMPPNP exchange assay as follows. Motors and microtubules were incubated with mAMPPNP to drive motors into a two-head-bound state, this complex was flushed against a saturating concentration of ATP or ADP, and the fluorescence fall resulting from mAMPPNP release was monitored (Fig. 5d) . Both traces showed a slow fluorescence fall, having a time constant longer than 1000 s, consistent with the mAMPPNP remaining stably trapped in the two-head-bound complex. In summary, these control experiments establish that AMPPNP binding causes the motor to enter a stable two-head-bound state with an empty front head, a necessary prerequisite for observing the kinetics of nucleotide exchange in the front head.
To determine the mADP exchange rate in this strained state, motors were incubated with microtubules and AMPPNP, this solution was flushed against varying concentrations of mADP, and the rise in fluorescence resulting from mADP binding was monitored (Fig. 5e) . Similar to the unstrained exchange experiment shown in Fig. 4b , a linear fit to the data yields both the onand off-rates. From Fig. 5e , respectively, from Fig. 4b . Hence, these data provide direct evidence that the on-and off-rates of mADP binding to KIF3A are not influenced by intramolecular strain and argue that front head gating does not play a role in kinesin-2 mechanochemistry.
The mATP On-rate Is Also Not Modulated by Interhead Tension in KIF3A-Although mADP exchange rates argue against front head gating in KIF3A, the normal hydrolysis cycle involves binding of ATP and not ADP. Hence, we repeated the exchange experiments using mATP. As seen in Fig. 6a , in the unstrained case, k on mATP for KIF3A 17 was 18 Ϯ 2 M mATP Ϫ1 s Ϫ1 , and the apparent off-rate k off,app mATP was 31 Ϯ 3 s Ϫ1 . One complexity of this off-rate measurement is that, instead of nucleotide dissociation, mATP can also lead to motor stepping (Fig.  6a, inset) . As described below, simulations were carried out for the entire hydrolysis cycle of KIF3A, and taking the competing pathways into account, the true unstrained mATP off-rate was estimated at 26 s Ϫ1 (Table 2) . When AMPPNP was used to trap the motor in the two-headbound state, the mATP exchange rates were k on,FH mATP ϭ 15 Ϯ 1 M mATP Ϫ1 s Ϫ1 and k off,FH mATP ϭ 36 Ϯ 2 s Ϫ1 (Fig. 6b) , similar to the equivalent mADP exchange rates (Fig. 5e) . Thus, the mATP results support the contention that front head gating is not present in KIF3A.
Shortening the Neck Linker Does Not Substantially Alter Nucleotide Exchange Rates-We next asked the question of whether the lack of front head gating in KIF3A results from its longer neck linker compared with kinesin-1. If front head gat- ing in kinesin-1 results from rearward strain on the front head, then extending the neck linker that connects the two heads could partially relieve this strain. To test this hypothesis, we repeated the strained and unstrained nucleotide binding experiments using KIF3A 14 , which has a shorter neck linker. If the magnitude of interhead strain is the key determinant of front head gating, then the nucleotide on-rate for KIF3A 14 should be slower and/or the off-rate should be faster than for KIF3A 17 . As expected, the unstrained mADP exchange rates for KIF3A 14 (k on mADP ϭ 15 Ϯ 1 M mADP Ϫ1 s Ϫ1 , k off mADP ϭ 29 Ϯ 2 s Ϫ1 ) were similar to those for KIF3A 17 (Fig. 7a) . The same control experiments for the AMPPNP-trapped state were then carried out, and the KIF3A 14 results were shown to be comparable with those for KIF3A 17 (Fig. 7, b and c) . Finally, the exchange rates for KIF3A 14 in the two-head-bound state were measured and found to be k on,FH mADP ϭ 11 Ϯ 1 M mADP Ϫ1 s Ϫ1 and k off mADP ϭ 27 Ϯ 1 s Ϫ1 (Fig. 7d) , similar to the equivalent rates for KIF3A 17 . These mADP results confirm that the lack of front head gating seen for KIF3A 17 is not due to its longer neck linker and resultant decrease in interhead tension.
As a final step, we measured the strained and unstrained mATP exchange rates for KIF3A 14 (Fig. 8, a and b) . From the slopes, the mATP on-rates were 19 Ϯ 1.3 and 11 Ϯ 1 M mATP Ϫ1 s Ϫ1 for the unstrained and strained cases, respectively. Thus, for KIF3A 14 in the strained state, the apparent mATP on-rate is 2-fold slower. This result suggests that when interhead strain is enhanced by shortening the neck linker, minimal front head gating may be present in the kinesin-2 hydrolysis cycle. However, as expanded upon under "Discussion," this conclusion is tempered by the fact that assessment of mATP binding rates is complicated by the competing reactions of hydrolysis and motor stepping as well as the fact that for mADP there were no substantial differences between the strained and unstrained exchange rates for KIF3A 14 (Fig. 7, a  and b) .
Solving the Entire KIF3A Hydrolysis Cycle-Using all of the measured rate constants and the scheme in Fig. 1 , we developed a complete model of the KIF3A hydrolysis cycle for both mATP and unlabeled ATP. The mant-moiety was assumed to not alter the rate of hydrolysis or the microtubule binding and unbinding rate of the motor. Three unspecified parameters, the rate of front head attachment (k attach ), the rate of rear head detachment (k detach ), and the rate of ATP hydrolysis (k hyd ) were estimated from the measured parameters and the overall cycle rate, as described in Table 2 . The off-rate of mADP from KIF3A in solution was 15-fold slower than the unlabeled ADP off-rate (Fig. 3b) , and the ratio of affinities was similar (Fig. 3a) . Thus, the on-rates for unlabeled ADP and ATP binding in Table 2 were taken directly from the measured mant-nucleotide onrates, and unlabeled ADP and ATP off-rates were estimated as 15-fold slower than the corresponding mADP and mATP off-rates.
The first test of the model was to determine whether it could recapitulate single-molecule motility behavior of KIF3A. A Monte Carlo simulation (described under "Experimental Procedures"; code available as supplemental material) was carried out using the framework of Fig. 1 and the parameters from Table 2 . As seen in Fig. 9 , a-c, run length and motor velocity matched previous measurements (28) . Next, simulations were carried out to confirm the self-consistency of the model with the experimental results. To do this, the sequence of transitions interrogated by each stopped-flow experiment was modeled, and the rates were compared with experimental results (described under "Experimental Procedures"; code available as supplemental material). The model was able to recapitulate the entire experimental data set with reasonable accuracy (Fig. 9,  d-k) . This self-consistency provides further support for the framework of Fig. 1 and the parameter values in Table 2 . (Fig. 5e) . Inset, raw traces (average of n ϭ 13-16 at each [mATP]) with fits. Error bars, S.E. of fits.
As a final test of the model, we simulated microtubule gliding assays at varying nucleotide concentrations. In Table 2 , the binding kinetics of unlabeled ADP and ATP were extrapolated from the mant-nucleotide values. Hence, simulating motor stepping at varying ATP and ADP concentrations provides an independent test of the accuracy of these rate constants. In 0.5 mM ATP, the motor stepping rate as determined from the gliding speed was 47 Ϯ 5 s
Ϫ1
, matching previous results from single-molecule experiments (18) , and when 0.5 and 2 mM concentrations of ADP were added, the stepping rates fell to 27 Ϯ 3 and 15 Ϯ 2 s
, respectively (Fig. 9l) . Results from model simulations using these same nucleotide conditions were in good agreement with experiments, further supporting the validity of the model.
DISCUSSION
The goal of this study was to characterize the entire chemomechanical cycle of the kinesin-2 motor KIF3A and thereby determine the gating mechanisms that determine its processivity. The kinesin-2 KIF3A/B differs from the canonical kinesin-1 in a number of ways. Structurally, the wild-type motor is a heterodimer with a 17-residue neck linker compared with the 14-residue kinesin-1 neck linker domain (28, 54, 55) . Functionally, the wild-type motor is less processive than kinesin-1, and it dissociates more readily under load (18, 28, 29, 56) . From the biochemical perspective, however, little is known regarding differences between hydrolysis cycles of kinesin-2 and kinesin-1 that may explain their functional differences.
The first striking finding in this work was that, although K 0.5
Mt from the ATPase and K D Mt from pelleting assays in ATP were similar for kinesin-1 and KIF3A, KIF3A had a relatively high microtubule affinity in ADP and had a Mt dissociation rate in ADP (2.1 s
Ϫ1
) that is 20-fold slower than the stepping rate. It was shown previously that the kinesin-3, KIF1A/Unc104, has a high microtubule affinity in the ADP state, which enables monomers to move processively under certain conditions (57) and is thought to contribute to the reported "superprocessivity" of dimers (58) . This enhanced microtubule affinity was shown to result from the ionic interaction between the positively charged loop 12 (K-loop) of the motor and the negatively charged C terminus (E-hook) of ␤-tubulin (57, 59) . Based on sequence alignments in loop 12 (Fig. 10) , kinesin-2 has more positive charge in the K-loop (net charge of ϩ2) than kinesin-1 (ϩ1) but less than kinesin-3 (ϩ6). For comparison, the K D Mt of (a) KIF3A 14 (59), whereas the kinesin-1/ kinesin-2 difference corresponds to 3.2 k B T for one added charge and the kinesin-2/kinesin-3 difference corresponds to 4.5 k B T for four added charges, suggests that loop 12 is not the sole determinant of the enhanced microtubule affinity of kinesin-2 in ADP. Notably, the neck-coil region, which has been shown to modulate processivity in some cases through electrostatic interactions with the microtubule (60) , is identical for the kinesin-1 and kinesin-2 constructs used here. Hence, the binding affinity of kinesin-2 in the weak binding state is intermediate between that of kinesin-1 and kinesin-3. If the simplification can be made that kinesin-3 maintains processivity due to the high microtubule affinity of its weak binding state and kinesin-1 maintains processivity through tight coordination between the hydrolysis cycles of the two heads, then kinesin-2 falls between these two mechanisms.
Because kinesin-2 has a higher microtubule affinity in its weak binding state, it might be predicted to be more processive than kinesin-1. However, kinesin-2 was previously shown to be 4-fold less processive than kinesin-1 (27) . One resolution to this paradox is that kinesin-2 spends a much larger fraction of its hydrolysis cycle in a weak binding state, providing a greater chance for dissociation. Previous work on kinesin-1 suggested that the motor spends Ͻ5% of its cycle in a one-head-bound weak binding state in saturating ATP (61) . In contrast, the similarity in microtubule affinities in ATP and ADP (Fig. 2, b-d ; pelleting assays) suggests that KIF3A spends a large fraction of its ATPase cycle in the weak binding state, although the data do not provide rigorous constraints. In the KIF3A hydrolysis cycle formulated in Fig. 1 and Table 2 , the motor spends 43% of its hydrolysis cycle in the weak binding state (state 5), but because of uncertainties in estimating k attach , this value is also not tightly constrained by the data. Further support comes from the finding that KIF3A maintains processivity when mATP is used as the substrate (Fig. 3c, inset) . If the motor only spent a small fraction of its cycle in the low affinity state (state 5) and dissociation from this state determined processivity, then making this the longest lived state in the hydrolysis cycle by slowing product release should strongly reduce processivity. This is not the case; despite mADP release being the rate-limiting step (15-fold slower than for unlabeled ADP), the run length is not substantially reduced in mATP. Thus, the best resolution of the paradoxical affinity and processivity measurements is to conclude that kinesin-2 spends a larger fraction of its hydrolysis cycle in a weak binding state, but that state has a higher microtubule affinity than the corresponding state for kinesin-1.
The second striking finding of this study was that interhead strain in KIF3A had no effect on nucleotide binding kinetics. This result, summarized in Table 1 , contrasts with the widely accepted model for front head gating in kinesin-1 (22, 24, 25) and suggests that front head gating plays no role in KIF3A processivity. The lack of effect of strain on mADP exchange was shown in two ways. The one-head-bound mADP exchange experiment in Fig. 4b measured the unstrained rate, and both the half-site experiment in Fig. 3e and the front head mADP exchange experiment in Fig. 5e measured the strained rate and found similar kinetics. When the neck linker domain was shortened from 17 to 14 residues in an effort to enhance interhead strain in the two-head-bound state, mADP exchange kinetics were similarly unchanged. The only evidence that interhead strain may inhibit nucleotide binding was for mATP binding to KIF3A 14 , where the unstrained on-rate of 19 M mATP Ϫ1 s
was nearly 2-fold faster than the strained on-rate of 11 M mATP Ϫ1 s Ϫ1 (Table 1) . However, because measurement of k on mATP is complicated by the competing ATP hydrolysis and stepping pathways, precise determination is somewhat model- . Furthermore, at standard conditions of 1 mM ATP, this change in k on mATP corresponds to an increase in the ATP waiting state (state 7 in Fig. 1 ) from 53 to 91 s, both of which are very fast relative to other rates in the hydrolysis cycle.
Besides the mADP binding evidence in support of front head gating in kinesin-1 (24), strain-dependent nucleotide binding in kinesin-1 is also supported by forced unbinding experiments at varying [ADP] (26), the slow startup observed following AMP-PNP or BeFx treatment (22, 53) , phosphate release kinetics of a mutant (23) , and the finding from optical tweezers experiments that the K m ATP for motor velocity is load-dependent (62, 63) . Interestingly, similar optical tweezers experiments on fulllength KIF3A/B heterodimer found K m ATP at 0-and 4-piconewton loads to be similar, providing independent evidence that nucleotide binding is less load-dependent in kinesin-2 than in kinesin-1 (29) .
Using the rate constants given in Table 2 and the model structure shown in Fig. 1 , we formulated a complete model for the KIF3A chemomechanical cycle and used it both to test the internal consistency of our kinetics data and to make predictions. The model contains three rate constants that are very difficult to directly measure and thus were constrained based on measured rates. First, the attachment rate of the tethered head following ATP binding and hydrolysis (k attach from state 5) was chosen as 117 s Ϫ1 based on the measured k unbind of 2.1 s
and the previous finding that the motor takes 56 steps before detaching (28) . Second, the trailing head detachment rate (k detach from state 7) was chosen as 89 s Ϫ1 based on the difference between the half-site mADP release rate (which encompasses the entire cycle except k detach ) and the overall cycle rate from the gliding assay. Third, the ATP hydrolysis rate was chosen to be fast relative to other steps at 478 s Ϫ1 , as shown in Table  2 , but this value was not tightly constrained (range of 47-967 s Ϫ1 ). Importantly, using these three inferred parameters and all of the measured rate constants, the model recapitulated the overall stepping rate of 40 s Ϫ1 , and stepping data from stochastic simulations had a randomness of 0.34 due to the two ratelimiting steps of front head attachment and rear head detachment (Fig. 9, a-c) , similar to that measured for full-length KIF3A/B in optical tweezers experiments (29) . Furthermore, we were able to simulate all of the kinetics experiments and show that the model agrees with the experimental data (Fig. 9,  d-k) .
The hydrolysis model also enables a quantitative explanation of the roles of front and rear head gating in determining motor processivity. Based on the measured nucleotide binding rates and inferred rear head detachment rate, during the normal KIF3A stepping cycle, ATP binds to the front head before the trailing head detaches (i.e. state 8 is preferred over state 3). Importantly, the key to processivity is the race (from state 5) between detachment of the bound head and attachment of the tethered head. Milic et al. (42) recently showed that tethered head binding occurs subsequent to ATP hydrolysis in kinesin-1, which means that whatever the states preceding it, the motor must pass through the susceptible one-head-bound state (state 5). Thus, the key quantitative feature of rear head gating is not the rate at which the trailing head detaches in the strained state (k attach ) but rather the rate of unbinding from the vulnerable one-head-bound state (k unbind ). A corollary is that if unbinding from the weak binding state is slow, then front head gating does not enhance processivity.
One unresolved question is why the AMPPNP-trapped twohead-bound state is so long lived. This minutes-long state was observed previously in gliding assays (53) and in optical tweezers experiments that showed that resumption of walking resulted from the motor back-stepping, presumably to release the bound inhibitor, and then resuming forward stepping (22) . The fact that fresh ATP is required for the motor to exit the state shows that AMPPNP is trapped, and mAMPPNP exchange experiments (Fig. 5d ) support this. However, the pathway that untraps the motor is not clear. One hypothesis is that due to front head gating, ATP binding to the front head is blocked, and slow ATP binding is the trigger, but this is ruled out for KIF3A by the strained ATP binding measurements (Fig.   FIGURE 9 . Confirmation of the KIF3A hydrolysis cycle model. Using the hydrolysis model shown in Fig. 1 and the rate constants in Table 2 , motor stepping simulations were run as described previously (35) . a, distribution of run lengths from 1000 simulated runs at 1 mM ATP. A monoexponential fit to the distribution yielded a mean run length of 470 Ϯ 9 nm, matching previous single-molecule results (19) . b, distribution of single-molecule velocities, with mean Ϯ S.D. (error bars) of 317 Ϯ 32 nm/s from a Gaussian fit. c, distribution of step durations. Data were fit to a ␥ distribution with a shape parameter of 3.14 Ϯ 0.04, and the randomness parameter was calculated to be 0.34 (15, 34) . d-k, simulations of all stopped-flow kinetics experiments for KIF3A 17 Multiple-sequence alignment was carried out using ClustalW2. In loop 12, MmKIF1A has one less negative charge than DmKHC, but neither has the K-loop insert of KIF1A. 6b). A second hypothesis is that ATP can bind but hydrolysis is blocked, but this is ruled out by the fact that adding ADP does not accelerate the startup (Fig. 5, c and d) . The hypothesis that best accounts for the data is that detachment from the microtubule is highly directionally dependent and that even when the front head is in the ADP-P i or ADP state, its detachment rate is very slow. This hypothesis can be reconciled with forced unbinding measurements on kinesin-1 and kinesin-2 that show only a moderate directional dependence by the fact that the forces imposed by the optical trap include a significant component normal to the microtubule that accelerates detachment, arguing that the true rearward direction experienced by the head in the two-head-bound state is not experimentally accessible (26, 29) .
The present work brings into question some of the conclusions from a recent biochemical study by Albracht et al. (64) that used similar methods to investigate the hydrolysis cycle of KIF3A/B heterodimers. Both studies used mouse KIF3, and we showed previously that the motility characteristics of heterodimeric KIF3A/B and homodimeric KIF3A/A are similar under unloaded conditions (28) . Hence, there is no evidence that discrepancies between the two studies result from differences in the motor constructs employed. As argued below, we contend that our results are in fact consistent with the experimental data of Albracht et al. (64) , but we differ significantly on the interpretation of the results.
The first conclusion from the Albracht et al. study (64) was that ADP release at 12 s Ϫ1 is the rate-limiting step in the KIF3A/B hydrolysis cycle. This conclusion came from a sequential release experiment (mADP-loaded motors are flushed against microtubules in the presence of saturating ATP, leading to a fall in fluorescence) that was very similar to our sequential release experiments in Fig. 4d (which also yielded a rate of 12 s Ϫ1 ). Albrecht et al. (64) interpreted this rate as the ADP off-rate from a single head. In contrast, we interpret this process as sequential nucleotide release involving microtubule binding and mADP release from the first head (measured at 26 s Ϫ1 in the k on Mt experiment in Fig. 4a ) followed by rapid ATP binding and release of the second mADP (measured at 21 s Ϫ1 by the half-site experiment in Fig. 3e ). In Fig. 4d , we used a kinetic model to show that sequential release with these measured rates leads to the 12 s Ϫ1 measured experimentally. More importantly, we show in Fig. 3 that the affinity of KIF3 motors for mADP is 15-fold higher than the affinity for unlabeled nucleotide. Hence, we disagree that for the normal ATP hydrolysis cycle, ADP release is rate-limiting, and rather than the 12 s (Table 2 ) based on our work. This high affinity for mant-nucleotides may also partly explain the high apparent ATP affinity (K d,ATP ϭ 6.1 M from mATP binding) that Albracht et al. (64) were unable to reconcile with their measured ATP dependence of ATPase and motor detachment (118 and 133 M, respectively, using unlabeled ATP).
The second discrepancy with the previous work was that Albracht et al. (64) contend that ATP hydrolysis is partially rate-limiting at 33 s Ϫ1 for KIF3A/B, which contrasts with our modeled hydrolysis at 478 s Ϫ1 (Table 2) . From acid quench experiments involving rapid mixing of ATP with preformed KIF3A/B-Mt complex, Albracht et al. (64) measured a burst of ATP hydrolysis at 33 s Ϫ1 , with the key detail that the amplitude of the burst was 3 ATP/active site (or 6 ATP/dimeric motor). Were the burst amplitude less than or equal to 1 ATP/motor dimer, the data would be consistent with a burst of hydrolysis at 33 s Ϫ1 , but the burst of 6 ATP/dimer suggests that the experiment is actually measuring multiple steps by the motor and is, at best, only a lower limit for the ATP hydrolysis rate. Our Fig. 4a , K 0.5 Mt ϭ k unbind ϩ k off mADP /k bind . b Based on the 15-fold difference in KIF3A affinity for mant-versus unlabeled nucleotides in solution (Fig. 3, a and b) . c ND, not determined. d In Fig. 3e , 1/k max ATP/HS ϭ 1/k off,FH mADP ϩ 1/k attach ϩ 1/k hyd . e 95% confidence interval with truncated Gaussian model. Lower bound: stepping rate; upper bound: one-tailed, ␣ ϭ 5%. f Processivity (55.6 Ϯ 3.7 steps (28)) ϭ k attach /k unbind . g In Fig. 3c , 1/k step mATP ϭ 1/k max ATP/HS ϩ 1/k detach .
modeling constrains the ATP hydrolysis rate only weakly (between 47 and 967 s Ϫ1 ; Table 2 ), but based on our interpretation, this is not inconsistent with the results of Albracht et al. (64) .
The third discrepancy between the studies concerns the rate of trailing head detachment during motor stepping, which Albracht et al. (64) estimate to be 22.3 s Ϫ1 based on the fall in light scattering resulting from rapidly adding ATP to preformed KIF3A/B-Mt complexes. If the light scattering signal is to be considered a measure of the trailing head detachment rate, then the motor must bind and hydrolyze one ATP molecule and then dissociate without taking a step (because even taking one step would require detachment of both heads for the motor to dissociate). Albracht et al. (64) added 100 mM KCl to the buffer to minimize the number of steps before dissociation, but pulse-chase and acid quench experiments under similar conditions showed bursts of 3 ATP/active site (6 ATP/dimeric motor). Thus, a more conservative interpretation of the data is that the rate measured by light scattering provides only a lower limit for trailing head detachment, meaning that it is fully consistent with our estimate for k detach of 89 Ϯ 25 s Ϫ1 ( Table 2 ). The final discrepancy with the Albracht et al. work concerns the sequence of steps in the hydrolysis cycle. Albracht et al. (64) assume that during motor stepping, ATP binding to the bound head leads to stepping followed by ADP release by tethered head, and only then is ATP hydrolyzed by the first head. More precisely, following state 4 in our Fig. 1 (corresponding to state E3 from Albracht et al. (64) ), states 5 and 6 are replaced by a two-head-bound state (E4) with no nucleotide in the leading head and ATP in the trailing head, which then resolves to our state 7 (E5). The first problem is that, whereas our framework provides a pathway for motor detachment, the Albracht cycle does not. Second, our framework is supported by recent work by Milic et al. (42) that showed that slowing ATP hydrolysis (by using ATP␥S) does not enhance processivity, arguing that ATP hydrolysis in the bound head precedes binding and ADP release by the tethered head. Third, although AMPPNP does trigger mADP release by the second head, we found the maximal rate to be only 5.9 s Ϫ1 (Fig. 5b) , compared with Ͼ47 s Ϫ1 by the pathway in Fig. 1 . Thus, although a bifurcation of the cycle following state 4 cannot be ruled out, at a minimum, stepping before hydrolysis is strongly disfavored kinetically. In summary, although our results are consistent with the experimental data of Albracht et al. (64) , our interpretations of the results differ markedly.
The present work provides a biochemical framework in which to interpret previous kinesin-2 observations and provides insight into the role of kinesin-2 in cells. It was shown previously that during processive stepping, kinesin-2 readily detaches under load (29, 56, 65) . This behavior can be explained by our finding here that the motor spends a significant fraction of its hydrolysis cycle in a weakly bound state that would be expected to detach under load. Kinesin-2 was found to step around obstacles more efficiently than kinesin-1, and beads coated with many kinesin-2 motors were observed to take spiral paths along microtubules, both of which could also be attributed to the motor residing in a weak binding state that can diffuse on the microtubule lattice (66, 67) . One question that this work does not answer is why shortening the kinesin-2 neck linker from 17 to 14 residues enhances motor processivity (18) . Based on the model for the KIF3A hydrolysis cycle developed here, not only is an effect on front head gating (nucleotide binding) ruled out, but increasing the trailing-head detachment rate by shortening the neck linker is also not predicted to enhance processivity. This question will be best addressed in future experiments by directly measuring the attachment and detachment rate constants in the hydrolysis cycle and determining their dependence on neck linker length.
In terms of its transport function in cells, the fact that kinesin-2 spends a large fraction of its cycle in a microtubule-associated weak binding state means that opposing forces generated by dynein bound to the same cargo will tend to overwhelm kinesin-2. However, the motor is also predicted to maintain its association with the microtubule when it is being pulled in the opposite direction, which may enhance directional switching following the termination of the dynein run. These results highlight the specialization of different kinesin transport motors and provide constraints for understanding bidirectional transport by combinations of different kinesins and opposed teams of kinesins and dyneins.
